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inflammation; tyrosine kinase; ifenprodil; trinitrobenzenesulfonic acid; N-methyl-D-aspartate ACUTE OR CHRONIC TISSUE IRRITATION in the intestine is typically associated with visceral hyperalgesia, presenting clinically as abdominal pain. The majority of the primary afferent fibers innervating visceral tissues contain calcitonin gene-releated peptide (CGRP) and substance P (SP) (41, 44) , and the release of these neuropeptides from peripheral and central terminals is known to play an important role in neurogenic inflammation (18, 49) and hyperalgesia (16, 26, 45) . Receptors located on the peripheral terminals of nociceptive primary afferents, such as the heat-and acid-sensitive transient receptor potential vanilloid-1 (TRPV1) (40) and proteinase-activated receptor-2 (PAR-2) (12) , enhance the release of SP and CGRP during tissue irritation or inflammation. By activating immune cells (49) and increasing vascular permeability and mucosal blood flow (18) , these peptides can further enhance the inflammatory response, leading to the development of visceral hyperalgesia (12, 40) . N-methyl-D-aspartate (NMDA) receptors (NMDARs) are also located on peripheral terminals as well as central terminals of primary afferent neurons and have been shown to play an important role in regulating the release of SP and CGRP at both terminals (6, 28, 33, 36) . In contrast to the extensive literature on the role of NMDARs expressed on spinal and supraspinal neurons in central sensitization (17) , the role of NMDARs on peripheral afferents innervating the inflamed gut have received little attention (20, 51) . Inflammation-induced changes in the activity of NMDARs could enhance the release of SP and CGRP from both peripheral and central nerve terminals, thereby influencing the course of inflammation and contributing to the development and maintenance of central sensitization.
NMDARs, a particular type of ionotropic glutamate receptor, have unique functional properties such as permeability to Ca 2ϩ , slow desensitization, and voltage-dependent Mg 2ϩ inhibition that play a crucial role in neuronal plasticity (9) . NMDARs are heteromeric assemblies composed of two NR1 subunits in combination with two or three NR2 and/or NR3 subunits (7, 37) . There is only one NR1 gene, which can be expressed as eight different splice variants, four NR2 subunits, designated as NR2A-NR2D, and two NR3 subunits, whose function is still uncertain because they do not make functional NMDARs when combined with NR1. Studies of recombinant receptors containing NR1 and the four different NR2 subunits have shown that single-channel conductivity, glutamate and glycine affinity, and voltage-dependent inhibition by extracellular Mg 2ϩ are strongly influenced by the composition of the NR2 subunits (7, 37) . In addition, there are a few subunitselective inhibitors such as the NR2B-selective antagonist ifenprodil (50) . NMDARs containing NR2A or NR2B subunits generate "high-conductance" channel openings with high sensitivity to voltage-dependent inhibition by Mg 2ϩ , whereas NR2C-or NR2D-containing receptors give rise to "low-conductance" openings with a lower sensitivity to extracellular Mg 2ϩ . In cultured dorsal root ganglia (DRG) neurons innervating the rat colon, we (27) have previously shown that the NR2B-selective antagonist ifenprodil could inhibit most of the NMDA current, suggesting that nearly all of the functional NMDARs expressed on DRG neurons were NR2B-containing receptors.
In the present study, we tested the hypothesis that experimental colitis leads to an upregulation of NMDAR channel activity using whole cell patch-clamp recording and molecular techniques. Specifically, we wanted to determine if such an upregulation involves the increased expression of the channel, a change in the subunit composition, a modification of subunit properties by protein phosphorylation, or a combination of these mechanisms.
MATERIALS AND METHODS
Rat model of experimental colitis. All procedures were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at the investigators' institutions. Experimental colitis was induced by an intracolonic instillation of 2,4,6-trinitrobenzenesulfonic acid (TNBS; 45 mg/kg in 25% ethanol, Fluka-Sigma, given 8 cm from the anus) in halothaneanesthetized adult male Sprague-Dawley rats weighing 250 -350 g. Control rats received an equal volume of saline. Five days later, animals were killed by decapitation under halothane anesthesia. This model of colitis causes immediate and long-lasting hyperalgesia to colonic distension (14, 15 ) through a mechanism that may involve the local production of nerve growth factor (NGF) (8) . The 5-day time point chosen for these studies was at the beginning of the chronic phase of inflammation (10) .
CGRP release from spinal cord slices. Spinal cord segments between L1-T13 and T12-T10, which receive input from DRG levels L6 -S1 and L1-L2, were isolated and sliced at 0.4 mm. Spinal cord slices (ϳ200 mg/well) were superfused at 0.4 ml/min with oxygenated Krebs-Ringer solution lacking MgCl 2 and containing 0.1% BSA, 5 M strychnine, and protease inhibitors (captopril and phosphoramidon, both at 10 M) at 37°C. After a basal period of 3 h, NMDA (250 M) and glycine (10 M) were added at the same time to the perfusate for 10 min in the presence or absence of ifenprodil. Ifenprodil was added 20 min before the NMDA-glycine administration. Perfusates were collected on ice at 10-min intervals into acetic acid (2 M), lyophilized, reconstituted in assay buffer, and analyzed for CGRP-like immunoreactivity (CGRP-LI) by ELISA (1) .
Retrograde labeling of colon-specific DRG neurons. For some experiments, retrograde labeling was used to identify DRG neurons that had innervated the distal colon. Briefly, rats were anesthetized with pentobarbital sodium (Nembutal, Abbott Labs; 60 mg/kg ip), and the colon was exposed by a midline abdominal incision. Cholera toxin subunit B conjugated to Alexa Fluor 488 (1 mg/ml, Molecular Probes; Eugene, OR) was injected at five to seven sites (7-10 l/site, total of 50 l/rat) into the muscle wall using a glass Hamilton syringe fitted with a 26-gauge needle. Each injection site was carefully swabbed to ensure no leakage of dye, and the colon was rinsed with 0.9% NaCl solution. The abdomen was sutured closed, and the animals were used for control or TNBS-induced colitis after 5-14 days.
Isolation and primary culture of DRG neurons. Rats were anesthetized by pentobarbital sodium (40 mg/kg ip), and lumbosacral (L1, L2, L6, and S1) or thoracic (T3-T8) DRG were collected. Each DRG was minced with scissors, placed in medium consisting of 5 ml DMEM (Sigma; St. Louis, MO) containing 0.5 mg/ml trypsin (Sigma, type III), 1 mg/ml collagenase (Sigma, type IA), and 0.1 mg/ml DNAase (Sigma, type III), and agitated at 37°C for 20 -30 min. After the addition of soybean trypsin inhibitor (Sigma, type III) to terminate tissue digestion, the cell suspension was centrifuged for 1 min at 1,000 rpm. The cell pellet was then resuspended in DMEM supplemented with 10% FBS, 2 mM glutamine-penicillin-streptomycin, 1 g/ml DNAase, 200 M ketamine (all from Sigma), and 5 ng/ml NGF (Invitrogen). Neurons were plated on poly-L-lysine-coated 35-mm culture dishes and cultured at 37°C in a 5% CO 2 incubator. Neurons were studied after 24 -72 h in culture.
Electrophysiological recordings. Whole cell patch-clamp recordings were performed with an Axopatch 1D amplifier, Digidata 1200 analog-to-digital converter interface, and pCLAMP 8.0 software (Axon Instruments; Foster City, CA) as previously described (27) . Pipette solutions contained (in mM) 120 CsF, 10 CsCl, 10 EGTA, 10 HEPES, 1 MgCl 2, 0.2 CaCl2, 10 TEA, 5 Na2ATP, and 0.5 Na2GTP (pH 7.2 with CsOH, ϳ300 mosmol/kg). Bath solution contained 138 mM NaCl, 5 mM KCl, 0.5 mM CaCl 2, 10 mM HEPES, 10 mM glucose, 5 M strychnine, 0.5 M tetrodotoxin, and 1 M diethylenetriaminepentaacetic acid (pH 7.4 with NaOH, ϳ300 mosmol/kg). Tight seals (1-10 G⍀) from visualized small-and medium-sized cells (20 -40 m in diameter) were obtained by applying negative pressure. The membrane was disrupted with additional suction, and the whole cell configuration was obtained. Series resistance was monitored throughout the experiments. Cells were voltage clamped at Ϫ60 mV unless otherwise indicated.
Drug delivery. NMDA and glycine were prepared as 100 mM stock solutions. Test solutions were prepared daily by diluting stock solutions to the desired concentrations in extracellular solution. Ifenprodil was prepared as a 100-mM stock solution dissolved in DMSO and added to extracellular solution to the desired concentrations. DMSO was added such that all solutions contained equivalent amounts of vehicle. Test compounds were rapidly perfused onto the patched cells using a gravity-fed multibarrel perfusion system (SF-77B Perfusion Fast-Step, Warner Instruments; Hamden, CT) controlled by a Labmaster board using pCLAMP 8.0 software (Axon Instruments). The tip of the multibarrel was positioned 200 -300 m from the neuron under study. When a test solution was not being applied, the neuron was continuously perfused with extracellular solution. Reagents were purchased from Sigma.
RT-PCR. Total RNA was isolated from lumbosacral DRG (L1, L2, L6, and S1) using the TRIzol reagent kit (Invitrogen), treated with RNase-free DNase (Ambion; Austin, TX), and reverse transcribed with SuperScript II reverse transcriptase (Invitrogen) using random hexamers following the manufacturer's instructions. "ϪRT" reactions were treated identically except that reverse transcriptase was omitted from the reaction mixture. Quantitative real-time PCR for NR2 subunits was performed using an Applied Biosystems Geneamp 5700 sequence detection system and SYBR green reagents (Applied Biosystems). Primer pairs and PCR conditions have been previously described in detail (34) . The homogeneity of the reaction product was verified by melting temperature and polyacrylamide gel electrophoresis.
Semiquantitative RT-PCR was used to evaluate changes in the relative expression of NR1 splice variants. Specific PCR primer pairs for the COOH-terminal splice variants NR1-1, NR1-2, and NR1-4 were adapted from Winkler et al. (52) , which use a common forward primer and different reverse primers overlapping the splice sites. A new common forward primer and reverse primers for NR1-3 and NR1-4 were designed using Primer3 software (42) . The sequence and predicted size for each primer pair is shown in Table 1 together with primer pairs for detecting the NH2-terminal splice site (NR1a/b) and the housekeeping gene GAPDH. The primer pair for the NH2-terminal splice variant gave two products depending on the inclusion (NR1b) or excision (NR1a) of exon 5. PCR was performed using HotStar Taq polymerase (Qiagen; Valencia, CA) and the following cycling conditions: after an initial denaturation/activation for 15 min at 95°C, the amplification profile consisted of 1 min at 94°C, 1-min annealing, and 1 min at 72°C for 32-40 cycles, where the last extension step lasted 10 min. The annealing temperature for the NR1 splice variants was 60°C and that for GAPDH was 55°C. The PCR products were separated on 2% agarose LE (Ambion) containing 0.5 g/ml ethidium bromide. Gels were photographed under ultraviolet illumination, the image was digitized, and the intensities of the bands were measured by densitometry (Bio-Rad).
Western blot analysis. Two-day-old cultures of DRG neurons from spinal levels L1, L2, L6, and S1 were scraped into RIPA buffer (150 mM NaCl, 50 mM Tris, 1 mM EDTA, 1% Triton X-100, 0.5% Na deoxycholate, and0.1% SDS; pH 7.5) containing protease inhibitors (1 mM PMSF and 1ϫ complete protease inhibitor cocktail, Roche Diagnostics; Mannheim, Germany), vortexed, and set on ice for 30 min before centrifugation at 1,000 g for 30 min to remove cellular debris. NuPAGE SDS sample buffer (Invitrogen) with reducing agent was added to the samples to give a 1ϫ concentration, and the samples were heated to 95°C for 5 min. Samples containing ϳ20 g total protein were electrophoresed on 3-18% NuPAGE SDS gels (Invitrogen) and transferred to nitrocellulose membranes. Membrane blots were blocked with Starting Block (Pierce; Rockford, IL) and probed with antibodies to NR2B (Chemicon; Temecula, CA) or NR2D (Santa Cruz Biotechnology; Santa Cruz, CA). Protein bands were visualized using a horseradish peroxidase-conjugated secondary antibody (Chemicon) and an enhanced chemoluminescent detection system (Pierce). Films were subjected to scanning densitometry, and the appropriate-size bands were quantified and expressed relative to protein loaded for each sample. Protein load was estimated from the staining intensity of three different proteins with apparent molecular masses of ϳ48, 72, and 180 kDa on parallel SDS gels fixed and stained for protein with Commassie brilliant blue R250 (Bio-Rad).
Statistical analysis. Data were analyzed using ANOVA with Tukey post test comparisons or as paired or unpaired Student's t-tests as appropriate. A P value of Յ0.05 was taken as statistically significant. All dose responses were analyzed by nonlinear regression using GraphPad Prism software (version 4, GraphPad Software; San Diego, CA). The best fit of the data to two different equations or between fits to two different sets of data was determined by F-test comparisons.
RESULTS

Effect of colonic inflammation on NMDAR-mediated CGRP-LI release from spinal cord slices.
To first determine if colitis was associated with enhanced NMDAR-mediated neuropeptide release from DRG neurons, we examined the release of CGRP-LI from spinal cord slices receiving input from the distal colon of TNBS-or saline-treated rats 5 days after treatment. CGRP-LI outflows under baseline conditions before the addition of the stimulus were 27.1 Ϯ 3.9 (n ϭ 14) and 23.7 Ϯ 4.2 fmol⅐g Ϫ1 ⅐20 min Ϫ1 (n ϭ 14) from slices obtained from TNBS-and saline-treated animals, respectively. Stimulation with NMDA (250 M) increased the outflow of CGRP-LI to 77.8 Ϯ 9.5 fmol⅐ g Ϫ1 ⅐20 min Ϫ1 (n ϭ 14) in slices obtained from animals with colitis. This increase was significantly greater than that observed in slices from vehicle-treated animals (45.8 Ϯ 5.8 fmol CGRP-LI⅐g Ϫ1 ⅐20 min Ϫ1 , n ϭ 14, P Ͻ 0.01). A maximal dose (100 M) of the NR2B-selective NMDAR antagonist ifenprodil inhibited most of the NMDAstimulated CGRP-LI release in tissues from both colitis and control animals (30.2 Ϯ 4.0 and 28.9 Ϯ 6.6 fmol CGRPLI⅐g Ϫ1 ⅐20 min
Ϫ1
, respectively, n ϭ 6).
Effect of colonic inflammation on NMDAR -mediated currents in DRG neurons. In a nominally Mg
2ϩ -free extracellular solution, rapid perfusion of 250 M NMDA combined with 10 M glycine induced inward currents in 72% (41 of 57) of DRG neurons taken from spinal levels innervating the distal colon (L1, L2, L6, and S1) of TNBS-treated rats with colitis compared with 69% (9 of 13) of neurons from saline-treated control rats and 70% (61 of 87) of neurons from untreated rats. Inward currents induced by NMDA and glycine (Fig. 1, left) exhibited an initial transient that monophasically declined at a significantly higher rate in neurons from colitis rats compared with those from control rats [time constant values of 2,083 Ϯ 125 (n ϭ 12) and 1,693 Ϯ 110 ms (n ϭ 20) for neurons from colitis and control rats, respectively, P Ͻ 0.04]. In addition to the faster decay kinetics, NMDAR currents were larger in DRG neurons from rats with colitis compared with those from saline-treated rats [662 Ϯ 165 (n ϭ 18) vs. 243 Ϯ 54 pA (n ϭ 6), respectively, P Ͻ 0.03]. When whole cell capacitance was used to estimate cell size, there was a 2.9-fold increase in the current density in neurons from rats with colitis compared with either saline-treated or untreated rats (Fig. 1, right) . This effect was more pronounced in DRG neurons retrogradely labeled from the distal colon (3.1-fold) but also occurred in randomly selected, unlabeled neurons, the majority of which would be expected by chance to innervate somatic tissues. The increase in current density in neurons from TNBS-treated rats was not due to an decrease in the size of neurons, because whole cell capacitances were not statistically different between randomly selected and retrograde-labeled neurons from untreated, salinetreated, or TNBS-treated rats (Table 2) . These values were similar to our previously reported values in untreated rats (43.2 Ϯ 1.6 and 40.8 Ϯ 1.1 pS for random and labeled, respectively) (27) . On the other hand, in DRG neurons taken from thoracic spinal levels not innervating the distal colon (T3-T8), NMDA current densities were not statistically differ- 
The eight different NR1 splice variants are denoted as either NR1a or NR1b to indicate the NH2-terminal splice variant or as NR1-1 to NR1-4 to indicate the COOH-terminal variants. The specific exons included or excised from each variant are shown along with the sequence of the forward and reverse primers and the predicted sizes of the PCR products. ent between TNBS-and vehicle-treated rats (Fig. 1) . Thus inflammation of the distal colon leads to an increase in the density NMDA currents in all small-to medium-sized neurons from DRG innervating the colon but not those isolated from the distant DRG.
NMDAR-mediated current characteristics and pharmacology. The current-voltage (I-V) relationship of NMDA-induced currents was evaluated to verify that the currents measured in DRG neurons from control and colitis animals were due to the same types of ion channels with similar ion permeabilities. As shown in Fig. 2 , the I-V relationship in the nominally Mg 2ϩ -free extracellular solution was nearly linear between Ϫ100 and ϩ40 mV for both groups of neurons. The average reversal potential for the NMDA-induced currents was 1.49 Ϯ 1.19 mV (n ϭ 8) in randomly selected neurons from control rats and 1.27 Ϯ 0.6 mV (n ϭ 7) in randomly selected neurons from TNBS-treated rats, which was not significantly different. When normalized to maximum current at a holding potential of Ϫ100 mV, the I-V curves were completely superimposed (Fig. 2,  inset) , indicating that there was no change in the inherent properties of the currents in neurons from rats with TNBSinduced colitis.
The increase in current density could be due to a long-lasting transcription alteration such as an increase in NMDAR subunit expression or a change in the relative expression of the different subunits. To differentiate between these possibilities, we first examined the affinity for the two agonists, NMDA and glycine, in neurons collected from rats with colitis and compared these values with those from untreated animals. As shown in Fig. 3 , EC 50 values for NMDA and glycine were not statistically different between currents recorded in neurons -free buffer at a holding potential of Ϫ60 mV. Left: sample current traces from neurons cultured from control rats and rats 5 days after the induction of colitis with TNBS. Right: current densities were calculated from the peak current and whole cell capacitance. Whole cell capacitance did not differ significantly among any of the groups (see Table 2 ). Both randomly selected and colon-specific (retrograde labeled) DRG neurons from lumbosacral regions had increased NMDAR current densities compared with neurons taken from either control rats (*P Ͻ 0.05 compared with randomly selected and labeled neurons from untreated rats). NMDAR currents in DRG neurons from the thoracic region of control and TNBS-treated rats were not significantly different from each other or from lumbosacral neurons taken from control or untreated rats. Numbers within the bars indicate the numbers of neurons in each group. Values are means Ϯ SE (in pS); numbers in parentheses are numbers of neurons in each group. DRG, dorsal root ganglia. -free extracellular solution at holding potentials between Ϫ100 and ϩ40 mV. Currents were larger in neurons from TNBS-treated rats compared with saline-treated rats, giving a steeper slope in the I-V curve; however, reverse potentials were not significantly different. Inset: I-V relationship after normalization to maximum current at holding potential of Ϫ100 mV (n ϭ 7 for both groups).
taken from colitis and control animals (90 vs. 78 M for NMDA and 1.9 vs. 2.7 M for glycine in colitis and control animals, respectively). In addition, as shown in Fig. 4 , there was no significant difference in voltage-dependent Mg 2ϩ inhibition. At holding potentials of Ϫ80 and Ϫ100 mV, IC 50 values for Mg 2ϩ were 5.4 and 2.5 M in control neurons and 4.2 and 2.0 M in neurons from colitis animals, respectively. These observations effectively ruled out an increase in the NR2C or NR2D content of functionally expressed NMDARs in neurons from colitis rats, which would be expected to increase the affinity for glycine and lower the sensitivity to Mg 2ϩ . The NR2B-selective antagonist ifenprodil was much less potent in inhibiting NMDA currents in DRG from colitis animals compared with normal animals (Fig. 5) . Curve fitting of the individual sets of data gave IC 50 values of 26 and 30 M for unlabeled and labeled neurons from colitis rats, respectively. The corresponding IC 50 values in normal rats were 2.7 and 3.1 M for random and labeled neurons, respectively. Thus the 10-fold rightward shift in sensitivity occurred in both colon-specific and unlabeled neurons. The 10-fold decrease in ifenprodil sensitivity could suggest a replacement of NR2B subunits with NR2A subunits, which also have a high affinity for glycine and low sensitivity to Mg 2ϩ .
Expression of NMDAR subunits. To evaluate a possible increase in NR2A subunit expression, we employed quantitative RT-PCR to measure the expression of all four NR2 subunits in DRG neurons taken from vehicle-and TNBStreated rats. The results shown in Fig. 6 summarize the findings from three separate experiments with RNA isolated from L1, L2, L6, and S1 DRG pooled from three animals for each condition. As previously shown in untreated rats (34), NR2B and NR2D were predominantly expressed in DRG, with much lower levels of NR2A and NR2C. In DRG from colitis rats, NR2B expression increased significantly by 28 Ϯ 8% compared with control rats (P Ͻ 0.05). There was also a trend for an increase in the expression of NR2D (43 Ϯ 17%, P ϭ 0.07). In contrast, there was no change in the expression of NR2A and NR2C, which remained very low, near the detection limit for this method.
To determine whether there was a similar change in the NR2B and NR2D expression by cultured DRG neurons, we performed Western blot analysis of total protein extracted from 2-day-old cultures. The relative expression of NR2B and NR2D were measured by scanning densitometry of the immunoblots and normalized for protein as described in MATERIALS AND METHODS. Similar to the RT-PCR results of intact DRG Fig. 3 . Dose-response curves for NMDA and Gly in DRG neurons from untreated and TNBS-treated rats. A: neurons were stimulated with a series of ascending of Gly concentrations ranging from 0.05 to 50 M in the presence of 250 M NMDA. Curve fitting of the dose-dependent effects of Gly on NMDA-inducible currents gave an EC50 of 2.7 M [95% confidence interval (CI): 2.1-3.6 M] with a Hill slope coefficient of 1.3 Ϯ 0.2 for peak currents in randomly selected neurons from control rats (n ϭ 6) and EC50 of 1.9 M (95% CI: 1.2-2.9 M) with a Hill slope coefficient of 1.1 Ϯ 0.1 in randomly selected neurons from rats with colitis (n ϭ 3). B: neurons were stimulated with a series of ascending concentrations of NMDA ranging from 1 to 2,000 M in the presence of 10 M Gly at Ϫ60 mV in Mg 2ϩ -free extracellular solution. In randomly selected neurons from control rats, the EC50 value for NMDA was 78 M (95% CI: 62-97 M) with a Hill slope coefficient of 1.6 Ϯ 0.4 for peak currents (n ϭ 5). In randomly selected neurons from rats with colitis, the EC50 value was 90 M (95% CI: 71-113 M) with a Hill slope coefficient of 1.7 Ϯ 0.4 (n ϭ 3). F-test comparisons of the curves indicated that there were no significant differences in the affinity for NMDA and Gly between neurons from rats with colitis and those from untreated rats. Fig. 4 . Dose-dependent inhibition of NMDAR currents by Mg 2ϩ . NMDAR currents were generated by rapid perfusion with 250 M NMDA and 10 M Gly at holding potentials of Ϫ80 and Ϫ100 mV. Concentration-current relationships were established for concentrations of Mg 2ϩ ranging from 0 (nominally Mg 2ϩ -free control solution) to 500 M. The dose-dependent effect of Mg 2ϩ at different holding potentials was determined by expressing the current responses as a percentage of that determined in Mg 2ϩ -free buffer. At membrane potentials of Ϫ100 and Ϫ80 mV, nonlinear regression gave IC50 values of 2.5 M (95% CI: 1.8 -3.2 M) and 5.4 M (95% CI: 4.0 -7.3 M) in randomly selected neurons from control rats and 2.0 M (95% CI: 1.3-3.0 M) and 4.2 M (95% CI: 2.9 -5.9 M) in colon-specific (retrograde labeled) from colitis neurons, respectively. F-test comparisons of the curves indicated that there were no significant differences between neurons from rats with colitis compared with those from untreated rats.
G223 MODULATION OF NMDA RECEPTORS IN DRG NEURONS
neurons, cultured neurons from colitis rats showed a significant 28 Ϯ 9% increase in NR2B expression, whereas there was no apparent change in the expression of NR2D (Fig. 7) . We were unable to detect NR2A in Western blots of DRG neurons from either colitis or control rats, in agreement with our earlier report (34) .
One previous study (11) has shown that NR1 splice variant expression does not influence the affinity of NR2B-containing NMDAR for ifenprodil, even though amino acids near exon 5 influence ifenprodil sensitivity (35) . To formally rule out a change in the NR1 splice variant expression, we used semiquantitative RT-PCR to compare the levels of expression of the different NH 2 -and COOH-terminal splice variants. As shown in Fig. 8 , DRG neurons from both colitis and control rats predominately expressed the NR1b isoform, which includes exon 5. The ratio of NR1b to NR1a increased from 2.8 Ϯ 0.2 in control to 3.4 Ϯ 0.3 in DRG from rats with colitis (n ϭ 4), but the change was not significant (P ϭ 0.1). On the basis of the intensities of PCR products relative to those for GAPDH, there was a significant decrease in the expression of NR1a (P Ͻ 0.05) with a small but insignificant increase in NR1b (Fig. 8, right) . Similar comparisons between control and colitis DRG showed no significant changes in the COOH-terminal splice variants NR1-1, NR1-2, and NR1-4, with a trend for an increase in NR1-3 (P ϭ 0.07). Because these changes in NR1 splice variant expression are small, they are not likely to account for the large change in ifenprodil sensitivity or channel activity.
Evidence for NR2B subunit phosphorylation. To address the issue of whether or not tyrosine phosphorylation of NR2B might underlie the increase in activity and the shift in ifenprodil sensitivity, we first evaluated the effect of the general protein tyrosine phosphatase inhibitor sodium orthovanadate on NMDA currents in DRG neurons isolated from normal rats. This treatment would be expected to cause a time-dependent increase in NR2B phosphorylation. As shown in Fig. 9A , the addition of sodium orthovanadate (100 M) caused a rapid 2.3-fold increase in NMDAR currents, which peaked after 15 min and then declined to a steady-state level of 1.8-fold. The increase in peak current was markedly inhibited by the prior addition of 1 M lavendustin, a general tyrosine kinase inhibitor, or by 10 M PP2, a selective Src family tyrosine kinase inhibitor. To evaluate the effect of tyrosine phosphorylation of NMDARs in DRG neurons on ifenprodil sensitivity, we performed a separate set of experiments in which neurons were pretreated for 45 min with 100 M sodium orthovanadate before being placed on the stage of the microscope for patch clamping. These neurons were continuously perfused with 100 M sodium orthovanadate to maintain the steady-state level of phosphorylation. The current density in theses neurons was 1.7-fold higher than in control neurons not receiving treatment (Fig. 9B ). Ifenprodil sensitivity was tested using a dose of 5 M ifenprodil, which inhibited 66% of the current in normal neurons but only 26% in neurons taken from rats with colitis (extrapolated from the fitted curves shown in Fig. 5 ). The results (Fig. 9C) showed that vanadate treatment caused a decrease in ifenprodil sensitivity from 56 Ϯ 2% to 24 Ϯ 5% inhibition. Thus Src family kinase-mediated phosphorylation of NMDARs in DRG neurons caused both an increase in the current density and a shift in ifenprodil sensitivity similar to that observed in neurons taken from rats with colitis.
To evaluate the possible contribution of enhanced phosphorylation of NMDARs in DRG neurons from rats with colitis, we evaluated the effect of PP2 addition on these neurons. As shown in Fig. 10 , the addition of 10 M PP2 to neurons isolated from control rats had only a small effect (9 Ϯ 2% decrease) on NMDA currents over the 60-min time course of the experiment, which was not statistically different from the normal rundown observed previously with the repeated application of NMDA and glycine (27) . In contrast, the addition of 10 M PP2 to neurons from rats with colitis caused a slow Fig. 6 . Real-time RT-PCR of NR2 subunits in DRG neurons from colitis and control rats. Expression levels of all four NR2 subunits were determined by quantitative RT-PCR using the ⌬Ct method (where Ct is threshold cycle). The reference gene was acidic ribosomal phosphoprotein P0 (36B4), although similar results were found using GAPDH as a reference gene. Values are means Ϯ SE of 3 separate determinations. The expression of NR2B was significantly increased by 28% in DRG from colitis rats compared with control animals (*P Ͻ 0.025). In addition, there was a trend for an increase in NR2D expression (P ϭ 0.07). The sensitivity of NMDARs in DRG neurons to the NR2B-selective blocker ifenprodil was determined in the presence of 250 M NMDA and 10 M Gly in Mg 2ϩ -free buffer. Up to 5 concentrations of ifenprodil were tested on each neuron, and the data were normalized to the current observed in the absence of ifenprodil. Nonlinear regression was performed on the collected data from 5 randomly selected and 5 retrograde-labeled neurons for the control condition and 4 neurons from randomly selected and 4 retrograde-labeled neurons from rats with colitis. Because the highest concentration of ifenprodil tested did not plateau in the colitis condition, maximal inhibition was fixed at the same value as that extrapolated for control neurons (5.2% remaining activity or 95%). Curve fitting of each data set individually gave a significantly better fit to a one-site model in both neurons from control rats and colitis rats. The IC50 values were 2.69 M (95% CI: 2.2-3.3 M) and 3.07 M (95% CI: 2.5-3.8 M) for random and labeled neurons from control rats and 26.1 M (95% CI: 21-33 M) and 30.2 M (95% CI: 24 -38 M) for random and labeled neurons from colitis rats, respectively. The differences between random and labeled neurons in each case were not significant.
(3.98 Ϯ 2.03 pA/min) decline in NMDAR currents to 54 Ϯ 8% of their initial value after 60 min. The temporal dependence of the decline in NMDAR current was similar to that observed when vanadate-pretreated neurons from normal rats were treated with 10 M PP2 in the continued presence of vanadate (3.86 Ϯ 0.90 pA/min; Fig. 10 ). Thus, during chronic colonic inflammation, one or more members of the Src family of tyrosine kinases persistently phosphorylate NMDARs expressed by all DRG neurons in ganglia innervating the inflamed tissue.
DISCUSSION
Using a validated rat model of experimental colitis and associated visceral hyperalgesia (8, 14, 15) , we evaluated the effect of visceral inflammation on the expression and function of NMDARs in primary afferent neurons located in the DRG. We found that the activity of NMDARs increased threefold in DRG neurons that had innervated the inflamed colon and in neurons within the same ganglia but not in neurons isolated from more distant dermatomes. NMDA-induced CGRP release from spinal cord slices receiving input from DRG neurons innervating the colon was also significantly increased in colitis. Electrophysiological and molecular studies identified an upregulation of NR2B subunit expression as well as persistent tyrosine phosphorylation of NR2B as the likely mechanisms underlying the observed increase in NMDA currents.
Effect of colon inflammation on NMDAR-mediated peptide release and currents. We (36) have previously demonstrated that NMDA application to colon and urinary bladder slices results in a significant increase in CGRP release into the medium from capsaicin-sensitive primary afferent nerve terminals. The release was Ca 2ϩ dependent and mediated through NMDARs. Because TNBS colitis is associated with peripheral tissue damage including the loss of peripheral nerve terminals, we measured NMDA-mediated CGRP-LI release from spinal cord slices receiving afferent input from the colon. Considerable evidence for a role of spinal release of CGRP (and/or SP) from central terminals of primary afferents after peripheral tissue inflammation and associated hyperalgesia has previously been reported (16, 23, 45) . In spinal cord tissue from colitis animals, the NMDA-stimulated release of CGRP-LI was 70% larger than that observed in tissues from vehicle-treated animals, consistent with either facilitated release (including upregulation or increased sensitivity of NMDARs) and/or increased content of CGRP in nerve terminals in the spinal cord. This increase was almost entirely sensitive to a maximal dose of the NR2B-selective NMDAR antagonist ifenprodil, suggesting selective upregulation of NMDARs containing this subunit.
Consistent with the increase in NMDAR-mediated neuropeptide release, there was a threefold increase in NMDARmediated current density in DRG neurons taken from rats with colitis. Pharmacological characterization of currents demonstrated that the increase in current density in DRG neurons taken from rats with colitis was due to the same type of ion channels as in control neurons. Interestingly, the upregulation of NMDAR-mediated currents was observed in DRG neurons innervating the inflamed colon but also in noncolonic neurons from the same spinal cord level, the majority of which would be expected to have innervated somatic tissues. The fact that there was no change in NMDAR currents in neurons isolated Fig. 8 . NR1 splice variant expression. The relative changes in NR1 splice variant expression were determined by semiquantitative RT-PCR amplification of RNA isolated from lumbosacral DRG as described in MATERIALS AND METHODS using the primer pairs shown in Table 1 . Left: representative staining patterns for each primer pair with the product size (in bp) for RNA from saline-treated control rats (S) compared with rats with colitis (C). The relative expression was determined by scanning densitometry of the ethidium bromide-stained gels and normalization to GAPDH expression. Right: bar graph showing mean values from 3 determinations. The numbers of PCR cycles used for each primer pair are shown within the bars. *P Ͻ 0.05 compared with saline-treated control rats. Fig. 7 . Western blot determination of NR2B expression in DRG neurons from colitis and control rats. Extracts from 2-day-old cultures of DRG neurons from control and colitis rats were electrophoresed on SDS gels, transferred to nitrocellulose membranes, probed with an antibody to NR2B or NR2D, and visualized by chemoluminescence. In both cases, a single band at ϳ200 -210 kDa was detected by the antibody, and relative expression levels were determined by scanning densitometry of the films. These values were normalized to protein loading as determined by scanning densitometry of three different molecular mass bands (48, 72 , and 180 kDa) from a parallel gel fixed and stained for protein. Left: representative experiments depicting the staining for NR2B and NR2D together with protein-stained bands at 72 and 48 kDa. Right: bar graph summarizing the average data from 3 (NR2D) or 4 (NR2B) independent determinations for each condition.
from DRG not sending processes to the colon rules out a role for a circulating inflammatory mediator in causing this effect. Cross-sensitization of DRG neurons within the same ganglia has been noted previously by Malykhina et al. (31) , who demonstrated that colonic inflammation increased tetrodotoxinresistant Na ϩ and capsaicin-stimulated TRPV1 currents in DRG neurons innervating the urinary bladder. Global upregulation of the mRNA and protein for several tetrodotoxinsensitive and -resistant Na ϩ channels and their corresponding currents has also been documented in all small neurons within the ipsilateral ganglia receiving afferents from the inflamed hind paw, but not on the contralateral side (2) . These data suggest that inflammatory mediators or other signals from DRG neurons innervating the inflamed tissue mediate crosssensitization of neighboring neurons either directly within the ganglia or indirectly through dorsal root reflexes. The nature of these signals and the role of support cells, such as satellite cells in the DRG or glia in the spinal cord, remain to be investigated. Given the relatively low numbers of sensory afferent fibers innervating visceral tissue compared with somatic tissues, cross-sensitization of DRG neurons may contribute to the diffuse nature of visceral pain and its referral to somatic and other visceral tissues within the same dermatome (5) .
Colitis induced increased NMDAR subunit expression. Using molecular techniques, we found a modest increase in the expression of NMDAR subunits with no evidence for a major shift in the relative expression of NR2 subunits or NR1 splice variants. As previously observed in normal rats (34) , NR2B and NR2D continued to be the predominant subunits expressed in the DRG. The expression of NR2B increased significantly after the induction of colitis, but the increase was small (28%) compared with the 300% increase in NMDAR current density. These observations agree with the results of the electrophysiological experiments, which found no change in the affinity of the NMDARs for glycine or NMDA or in voltage-dependent Mg 2ϩ inhibition. The relatively low affinity for glycine and the high affinity for Mg 2ϩ suggest that there is little, if any, contribution of the NR2D subunit to NMDAR currents expressed on the cell surface of DRG neurons from animals with or without colitis and that most of the current is mediated by NR2B-containing receptors. However, we also found a 10-fold rightward shift in the dose-dependent inhibition by the NR2B selective antagonist ifenprodil. The IC 50 was still fivefold less than that reported for inhibition of recombinant NR2A-containing NMDARs (IC 50 ϳ 150 M) (50), although it was similar to that reported for mixed NR2A/NR2B and NR2B/ NR2D receptors (3, 24) . However, a shift in cell surface expression of NR2B/NR2D receptors is unlikely because there was no change in agonist or Mg 2ϩ affinity. Mixed receptors containing NR2A and NR2B are also unlikely because NR2A subunits are expressed at very low levels in DRG neurons. Therefore, a more likely hypothesis is that there is a change in Fig. 9 . Effect of sodium vanadate (VO4) on NMDAR currents and ifenprodil sensitivity. A: whole cell patch-clamp recordings were obtained of cultured DRG neurons from untreated rats in Mg 2ϩ -free extracellular solution at a holding potential of Ϫ60 mV. NMDAR currents were generated by a 5-s long perfusion with 250 M NMDA and 10 M Gly at 5-min intervals. After a stable baseline period, 100 M sodium vanadate was continuously perfused onto the cell in the presence or absence of 1 M lavendustin (Lav) or 10 M PP2. Results are means Ϯ SE of 3-4 determinations for each condition. *Significantly different from baseline current at time 0 and PP2 and Lav conditions at the same time point. B and C: DRG neurons from untreated rats were stimulated with 100 M sodium vanadate for 45 min in extracellular solution before being patch clamped in the continued presence of 100 M sodium vanadate. Control neurons were not treated with sodium vanadate. NMDAR currents were measured before and after the addition of 5 M ifenprodil, and inhibition was expressed relative to the initial current. Values are means Ϯ SE of 6 -8 neurons for each condition. *P Ͻ 0.05 and **P Ͻ 0.0003 compared with control. Fig. 10 . Effect of the nonreceptor tyrosine kinase inhibitor PP2 on NMDAR currents in DRG neurons from colitis and control rats. After stable recordings were established in the whole cell patch configuration, NMDAR currents were elicited for 5 s at 5-min intervals by a rapid perfusion of 250 M NMDA and 10 M Gly before and after the addition of 10 M PP2 to the extracellular buffer. Three different conditions were tested: DRG neurons from saline-treated rats, those from rats with colitis, and neurons from untreated rats prestimulated with 100 M sodium vanadate. In the latter case, currents were measured in the continued presence of 100 M sodium vanadate. A: currents over time are expressed relative to the initial current at time 0. B: absolute currents immediately before (time 0) and 60 min after PP2. Values are means Ϯ SE of 3-4 neurons for each condition. *Significantly different from the initial current at time 0 (P Ͻ 0.05).
the activation state of pure NR2B receptors that also affects the affinity for ifenprodil.
Evidence for tyrosine phosphorylation of NR2B subunits. The present data support the conclusion that tyrosine phosphorylation of NR2B-containing NMDARs in DRG neurons contributes to the increase in activity and decrease in ifenprodil sensitivity. The addition of sodium vanadate, which would be expected to increase the steady-state level of tyrosine phosphorylation, caused an increase in NMDAR channel activity and a decrease in ifenprodil sensitivity in neurons from normal rats similar to that observed in neurons from rats with colitis. Lavendustin, a general tyrosine kinase inhibitor, and PP2, an Src family kinase-selective inhibitor, prevented the effect of vanadate, strongly suggesting a role for one or more members of the Src family of tyrosine kinases.
Src-mediated phosphorylation of NR2B subunits has been reported in the central nervous system. In fact, NR2B is the principal NMDAR subunit that is tyrosine phosphorylated in the brain (38, 43) . In the hippocampus, it is involved in long-term potentiation both by increasing channel activity and channel insertion into synapses (29, 43) . In the brain and spinal cord, Src family kinases, including Src, Fyn, Lyn, and Yes, are associated with NMDAR complexes, and all have been shown to upregulate NMDAR activity in recombinant expression systems or native membranes (22, 39, 46, 53) . Much less is known about Src family kinases in DRG neurons. Src itself has long been known to be expressed by sensory neurons (32); however, it has only recently been shown to mediate interleukin-1␤-induced upregulation of preprotachykinin gene expression and enhance SP release (19) . In recombinant cells using single-channel recording techniques, Src kinase-mediated phosphorylation of NR2B has been shown to increase open probability without altering channel kinetics (48) . Our data are consistent with the concept that Src-mediated phosphorylation has little effect on the kinetic properties of NMDAR channels aside from its effect on activity and ifenprodil sensitivity. Taken together, our results suggest that the increase in NMDAR current in neurons taken from rats with colitis is due in part to an increase in tyrosine phosphorylation of cell surface NR2B-containing NMDARs.
The mechanisms involved in persistent Src family kinasemediated phosphorylation and activation of NMDARs could involve changes in any one of a number of proteins that have been shown in the central nervous system to regulate the activation or deactivation of Src kinase or its association with the NMDAR complex (21). It is not known whether DRG neurons form NMDAR complexes containing the same or similar components, nor did this study address whether NMDARs on the central and peripheral terminals of DRG neurons in intact tissue are phosphorylated and upregulated after inflammation. It should be noted that our study examined neurons in short-term culture, which could influence the expression, insertion, and/or activity of NMDARs. However, because neurons from both control and TNBS-treated rats were grown and characterized under identical conditions, our results strongly suggest that there is a fundamental change in the activation and/or association of Src family kinases with NMDARs after inflammation.
Possible physiological implications of inflammation-induced upregulation of NMDARs. The findings reported in this study may have several implications for the development and maintenance of visceral hyperalgesia after colon inflammation. On the peripheral terminals of afferent fibers, the activation of NMDARs in healthy animals causes behavioral pain responses (54) , sensitizes a subset of primary afferents to colorectal distension (47) , and mediates the release of SP and CGRP in the gut (36) . SP released in the mucosa can have effects on gut immune cells (49) and vascular permeability, whereas CGRP, a potent vasodilator (18) , may enhance mucosal blood flow. Together, the peripheral release of these peptides has been implicated in the development of neurogenic inflammation (13) . Thus a facilitated peripheral neuropeptide release after inflammation may influence the duration and severity of the inflammatory response. NMDARs located on the central terminals of C-fibers regulate the release of both peptides as well (28, 30, 33) . The interaction of SP with postsynaptic neurokinin-1 receptors plays an important role in the development of hyperalgesia and pathological pain (4, 25) . The facilitated central release of SP and CGRP from central terminals may therefore play a role in determining the time course of chronic visceral hyperalgesia after colon inflammation.
In summary, upregulation of NMDARs on primary afferents by NR2B subunit phosphorylation may have important implications for the development and persistence of colon inflammation, for the severity and duration of peripheral and central sensitization, and for the referral of pain to other visceral and somatic structures.
